NiCeY zeolites were prepared by ion-exchanging NaY with 0.1 M Ni(NO 3 ) 2 and 0.1 M Ce(NO 3 ) 3 solution. The experiment for the adsorption of thiophene and benzothiophene from a model fuel has been carried out by using the prepared NiCeY. The adsorption isotherms and kinetics of thiophene and benzothiophene in noctane have been studied, and the parameters (DH, DG, DS) for the adsorption were calculated. The effect of adsorption temperature and contact time on the adsorption were investigated through the static method at ambient pressure. The experimental data was analyzed using the pseudo first order and pseudo second order kinetic equations and Langmuir and Freundlich models. The results show that the isotherm equilibrium for thiophene and benzothiophene adsorption can be represented by the Langmuir equation.
Introduction
Nowadays, desulfurization of fuels has attracted increasing attention due to the increasing stringent regulations for environment protection and potential use in fuel cells in the future.
1,2 The sulfur compounds in fuels may have negative effects on the environment. Organic sulfur compounds can be transformed into SO x when combusted in engines, which may react with water in the atmosphere to form acid rain, damaging buildings, leading to loss of forests and other problems.
3 Sulfur compounds can also poison some catalysts in exhaust gas converters for reducing CO and NO x emissions, and cause corrosion problems in rening equipment. 4 The EPA in the United States has reduced the sulfur content in fuel to 30 ppm in gasoline and 15 ppm in diesel since 2006.
5
Industrially, hydrodesulfurization is used to reduce the sulfur content in reneries. HDS is efficient to remove sulfur species with relative ease, such as thiols, suldes and disuldes from oils, but less effective to remove thiophene, benzothiophene, dibenzothiophene and their derivatives, because of their aromatic characters. 6 In addition, the HDS technology is operated at temperatures in the range of 300-450 C, and at H 2 pressure of 3.0-5.0 MPa, usually with CoMo/Al 2 O 3 or NiMo/Al 2 O 3 catalysts. 7, 8 Under such conditions, olens will react with H 2 to form alkanes, resulting to signicant loss of octane number and excess consumption of H 2 .
9 The lower reactivity of these aromatic sulfur compounds is much attributed to steric hindrance. It is reported that the removal of aromatic sulfur compounds by HDS process to the standard levels would require more than three-fold increase in the catalyst volume/reactor size, resulting in an enormously high cost of operation for higher temperature and higher pressure process. 10, 11 Thus, it is imperative to develop non-HDS technologies to meet the need for fuels with low sulfur content, such as oxidative desulfurization, 12, 13 biodesulfurization, 14, 15 and adsorptive desulfurization.
16,17
Compared to the hydrodesulfurization process, the adsorptive removal of sulfur compounds seems very promising from the point of energy consumption because the adsorption can be carried out at low temperature and pressure, and the sulfur content in the fuels can be reduced to a very low level.
18 So far, a various of materials used as adsorbents were studied for desulfurization such as active carbon, 19-21 metal oxides, 22,23 and zeolite-based materials. 24, 25 Zeolites, especially FAU type adsorbent, have been investigated widely in desulfurization of transformation due to their high surface area and thermal and mechanical stabilities.
Except the experimental studies, a mathematical modeling is an efficient method for analysis of the chemical processes. There are different theoretical and empirical models used to t the experimental data. It seems that using this method in understanding and simulating the adsorptive removal of sulfur compounds from fuels can reduce the cost of experiments and increases the feasibility of the process. Therefore, the study of adsorption process from both experimental and theoretical aspects is important. The theoretical models include the Langmuir and Freundlich models. There are several empirical models for modeling of adsorption kinetics, including the pseudo-rst-order, pseudo-second-order and pseudo-n-order. The advantage of the empirical models is their simplicity.
To the best of our knowledge, the use of NaY zeolites modied with Ni(NO 3 ) 2 and Ce(NO 3 ) 3 successively in the eld of adsorption desulfurization has few reported. In Wang's work, 27 the inuence of Ce loading, toluene, catalyst/oil ratio on the sulfur removal onto NiCeY were analyzed. The results indicated that NiCeY possessed higher sulfur adsorption quantity than NiY and CeY. In this study, NiCeY was prepared to investigated the adsorption kinetics, isotherm and thermodynamics on the removal of thiophene and benzothiophene. The parameters were calculated using different models.
Experiments

Materials
Zeolites NaY (power form, SiO 2 /Al 2 O 3 ¼ 2.5) was obtained from Nankai Catalyst Technical Corporation. Thiophene (TP, 99%) and benzothiophene (BT, 99%) were bought from Tianjin Guangfu Fine Chemical Research Institute and Beijing Ouhe Technology respectively. N-Octane (AR) purchased from Tianjin Kuwait corporation was as solvent in experiment. All reagents were used without further purication.
Adsorbent preparation
Prior to the ion exchange, the zeolites NaY was dehydrated at a rate of 2 C per minute to 300 C by heating in muffle furnace and kept at 300 C for 2 h. The obtained NiCeY zeolite was grinded in the agate mortar sufficiently and shied to glass desiccator immediately to avert the adsorption of water in air, reducing the adsorption capacity of thiophene and benzophene.
Preparation of model oil
Thiophene, benzothiophene and n-octane were used as the model components for compound containing sulfur and hydrocarbon in diesel desulfurization, respectively. Several model diesel fuels containing different concentration of sulfur were prepared and the detailed composition of the model fuels were listed in Table 1 .
Adsorptive desulfurization
Prior to the adsorption experiment, the zeolites NiCeY was dried in oven at 110 C for 2 h in order to remove the physically adsorbed water. The adsorption experiment was carried out using static method at a certain temperature and atmospheric pressure. The dried zeolites (0.40 g) was mixed with 28 mL model fuel in three-neck ask rapidly. Aer 1 h, the desulfurized fuel was stewed and sampled, and the sulfur content of model fuel before and aer adsorption was analyzed by a FIDgas chromatograph (Agilent, GC-6820) equipped with a capillary column (FFAP, 60 m Â 0.25 mm Â 0.32 mm). The temperatures set in the injector, oven and detector were 250, 200, 250 C, respectively.
The adsorption capacity was calculated using the following equation:
The sulfur removal (R%) was calculated according to the formula:
where V is the volume of the model fuel (mL), and m (g) is the mass of adsorbent; c 0 , c e and c t (mmol L À1 ) is the initial, equilibrium and t (min) concentration of sulfur in the model fuel, respectively.
Results and discussion
Effect of adsorption temperature
Generally, the effect of adsorption temperature on desulfurization experiment has two sides. Increasing the temperature would increase the diffusion rate of TP and BT in n-octane obviously, due to the decline of the viscosity in the solution. Meanwhile, too high temperature would enhance the desorption rate, thus reducing the adsorption capacity. Fig. 1 shows the effect of adsorption temperature on the adsorption capacity of TP and BT by using M1 and M6 as model fuel. It is observed that the adsorption capacity of thiophene and benzothiophene increased primarily from 0.65 to 0.70 mmol g À1 and 1.27 to 1.32 mmol g
À1
, then dropped to 0.67 and 1.29 mmol g À1 respectively when the temperature rised to 90 C. From the results in Fig. 1 , it can be concluded that the suitable adsorption temperature is 70 C. 
Effect of contact time on adsorption
The contact time to reach the equilibrium relied on the adsorption temperature and other variables. In the experiment, different contact time experiments were carried out on NiCeY at 30 C using model fuel M1 and M6. The effect of contact time on the adsorption of TP and BT is shown in Fig. 2 . The adsorption capacity of TP and BT over NiCeY increased rapidly and achieved over 70.28% and 70.56% in the rst 5 min, then increased slowly as the time was prolonged. When the time was equal to 45 min, q t became stable. It may have achieved equilibrium adsorption and the equilibrium adsorption capacity of TP and BT follows: BT > TP. Therefore, the equilibrium adsorption amount can be obtained in 45 min.
Effect of initial sulfur content on adsorption
The effect of the initial sulfur concentration on the adsorption of thiophene and benzothiophene at 30 C is shown in Fig. 3 . It is observed that the adsorptive capacity of thiophene and benzothiophene varied with its initial concentration. At the initial low sulfur content, the adsorption capacity of TP or BT increase rapidly and then increase gradually with increasing the sulfur content. This indicates that an increase in the initial concentration of sulfur leads to an increase in the adsorption capacity of TP and BT.
Equilibrium isothermal adsorption
In our study, the equilibrium isothermal adsorption was progressed by using model diesel (M1-M10, respectively) with a contact time of 1 h at 30, 50 and 70 C. The plot of the equilibrium adsorptive capacity of sulfur per gram of NiCeY zeolites against the equilibrium concentration of sulfur in the fuel are shown in Fig. 4 . As can be seen from Fig. 4 , initially, q e increases quickly with an increase of equilibrium concentration of sulfur, and then increases slightly. This indicates that most of the sulfur compounds could be adsorbed by NiCeY zeolites with the initial concentration of sulfur lower. However, with an increase of sulfur concentration, the adsorption capacity of NiCeY zeolites may reach its saturation and the equilibrium adsorptive capacity (q e ) tends to be the maximum adsorption capacity (q m ) (Fig. 5 ). The Langmuir model is possibly the most known and widely used sorption isotherm. It can t to the experimental data. Generally, the interaction between the adsorbates and the adsorbent in solution includes two processes, namely, adsorption and desorption. The rates of adsorption (v ads ) and desorption (v d ) can be expressed as: where, k ads and k d are the adsorptive and desorptive constants, respectively; c t is the content of sulfur in model diesel at time t; q is the coverage ratio of the adsorbent surface, which can be calculated by q t /q m , whereby q t and q m represents the adsorption capacity at time t and the maximum adsorption amount. When the adsorption rate is equal to desorption rate, namely,
The concentration of sulfur (c t ) and the adsorption capacity (q t ) can be written as c e and q e . Therefore, the Langmuir isothermal model can be described as:
where K L represents the Langmuir constant, reecting the affinity of binding sites. The values of K L and q m are calculated from the eqn (5). The Freundich isotherm is expressed by an empirical model that suppose heterogeneous adsorption because of the diversity of adsorption sites and can be described as:
where K F and n represent Freundlich constants indicative of adsorption capacity and adsorption intensity, respectively.
The calculated parameters and the correlation coefficient at different temperature are shown in Tables 2 and 3. From Table  2 , we can nd that with the increase of temperature, the Langmuir constant increase from 0.085 to 0.128 and from 0. Table 3 , with the increase of temperature, the obtained K F increase from 0.116 to 0.158 and from 0.358 to 0.473, indicating the adsorption capacity increase with temperature. The obtained n is above 1.5, meaning adsorption process can occur easily. 3.5 Kinetic study 3.5.1 Pseudo-rst order, pseudo-second order models. The transport process of adsorbate from the solution into the pores on the adsorbent is a complicated process, containing external diffusion, pore diffusion, surface diffusion, and adsorption. NiCeY zeolites can adsorb the organic sulfur compounds mainly through two types of adsorption modes: p-complexation between Ni 2+ ions and sulfur rings and direct coordination via S atoms with Ce 4+ (S-M) interaction. 30, 31 Thus, to better understand the adsorption desulfurization process, the kinetic models was applied to t the experimental data. Therefore, the pseudo-rst order model, pseudo-second model were used to analyze the adsorption kinetics of the process on NiCeY zeolites.
The pseudo-rst order rate equation can be expressed as:
where q t (mmol g À1 ) is the adsorption capacity of sulfur on the NiCeY at time t (min), k 1 (min À1 ) is the pseudo-rst order rate constant and q e (mmol g
À1
) is the equilibrium adsorption capacity. Aer integration and applying the initial conditions, t ¼ 0, q t ¼ 0. The eqn (8) can be written as:
The pseudo-second order rate equation is:
where q e is the equilibrium adsorption capacity (mmol g À1 ), k 2 is the pseudo-second order rate constant (g mmol À1 min À1 ).
The integrated form of eqn (10) take the form:
In this section, the two adsorption kinetic models such as pseudo-rst-order model and pseudo-second-order model were used to t the kinetic data of the TP and BT adsorption process on NiCeY. As can be seen in Fig. 6 and 7, the two adsorption kinetic models can t to the experimental data well. In Tables 4  and 5 , the calculated correlation coefficient R 2 of the pseudorst-order model are less than the correlation coefficient R 2 of the pseudo-second-order model (>0.990), indicating that the pseudo-second-order model is slightly more favorable to t the kinetics of the thiophene and benzothiophene adsorption (Fig. 8) .
3.5.2 The effect of temperature on the adsorption kinetics. Generally, the temperature has two main effects on the adsorption process: (1) increasing the adsorption temperature will increase the rate of diffusion of the adsorbate in the solution due to the decrease of the velocity of the solution. (2) Changing the adsorption temperature of the process will lead to a new equilibrium adsorption capacity of the zeolites. Fig. 7 present the effect of temperature on the adsorption kinetics with model fuel M1 and M6. The experimental date was tted with the non-linear pseudorst order equation. The calculated parameters are shown in Table 5 . It is seen that the equilibrium adsorption capacity and pseudo-second rate constant for the removal of TP and BT all increase with the increase of temperature. The date shows that the adsorption of TP and BT on NiCeY is much more effective at higher temperature.
The effect of adsorption temperature on the adsorption rate can be expressed with the Arrhenius equation:
where k 0 (g mmol À1 min À1 ) is the temperature independent factor; E a (kJ mol À1 ) is the activation energy of adsorption process; T k is the absolute temperature in Kelvin; R g (8.314 J
) is the universal gas constant, respectively. The equation can be written as:
Generally, the slope of the plot of ln k 1 to 1/T is applied to calculate E a based on the data shown in Table 4 . Typically, the adsorption desulfurization process can be regarded as mass transfer control if the obtained activation energy is less than 21 kJ mol. 35 The activation energy 1.98 and 13.73 kJ mol (2) The adsorbate diffuses through the liquid lm; (3) the pore diffusion and adsorption. One or two processes may be involved in the adsorption and the control of the adsorption is the slowest one.
A widely accepted kinetic model developed by Weber and Morris 38 shows that the sorption process may be diffusion controlled if the rate is dependent on the adsorbate and adsorbent diffusing towards one another. The intra-particle model is as:
where k i (mmol g À1 min À0.5 ) is the intra-particle diffusion rate constant and C (mmol g À1 ) is the constant related to the energy of adsorption. The intraparticle diffusion model constants can be calculated by the slope and intercept of the linear plot of q versus t
, respectively. The straight line of q t to t 0.5 indicates the sorption process is diffusion controlled. However, if the data can be tted with multiple lines, implying that more than one process is controlling the adsorption process. As can be seen from Fig. 9 , the plots are not linear, showing that adsorption is controlled by two processes. The initial portion indicates the boundary layer diffusion effect, 39 and the nal linear portion is the result of intraparticle diffusion effect. 40 
Thermodynamic
The thermodynamic parameters such as free energy of sorption (DG), the heat of sorption and entropy changes (DH and DS) can be evaluated according to the following equations:
where K d is sorption distribution coefficient. The K d values are usually used to calculate the Gibbs free energy of sorption process at different temperatures.
where DG is the free energy of sorption (kJ mol À1 ); T is the absolute temperature in Kelvin and R g is the universal gas constant (8.314 J mol À1 K À1 ).
The sorption distribution coefficient can be written as a function of temperature in the following:
where DH is the reaction heat of sorption process and DS is the enthalpy change of adsorption. Fig. 9 The intra-particle diffusion model used for the adsorption of (a) TP and (b) BT on NiCeY zeolites. The thermodynamic parameters such as the heat of sorption (DH), free energy of sorption (DG) and enthalpy change of adsorption (DS) were calculated using eqn (4)- (6) . The temperature used was ranging from 30 to 70 C. The Gibbs free energy (DG) means the degree of spontaneity of the sorption process and the higher negative value reects a more energetically favourable sorption. DH and DS were obtained from the intercept and slop of a plot of ln K d against 1/T k (Fig. 10) . The calculated parameters are listed in Table 6 . The negative value of Gibbs free energy change (DG < 0) indicates that the adsorption of either TP or BT on NiCeY zeolites is a spontaneous process. The value of DG becomes more negative with temperature increase. This indicates that the adsorption process is favoured with the increase of temperature. The negative value of DH manifest that the adsorption of TP or BT was exothermic and the positive value of DS shows the increase of freedom at liquid/solid interface during the adsorption process.
Investigation of adsorption capacity comparison and regeneration
Due to the difficulty in comparing the sulfur adsorption performance using zeolites here with previous ones, the adsorption comparison may be favorable for the future works. The materials used as adsorbents previously reported, together with the experimental conditions and adsorption capacity are compared in Table 7 . As shown in Table 7 , We list the comparisons including the adsorption of thiophene, benzothiophene and dibenzothiophene compounds because much work has been done in adsorption desulfurization area. Finally, regeneration of the NiCeY zeolites was investigated, the common applied regeneration methods were thermal treatment and solvent extraction. In our work, we applied both methods to investigate the adsorption performance of NiCeY zeolites. Aer the rst adsorption, the zeolites was separated by centrifugation, dried at 200 C overnight and then calcinated at 500 C for 4 h in air atmosphere for the next adsorption run. We also investigated a solvent extraction method for regenerating the adsorbent. The zeolites used was separated by centrifugation, washed with ethanol at room temperature, and then dried for the next adsorption run. As shown in Fig. 11 , the zeolites regenerated by solvent extraction has higher adsorption capacity compared with thermal treatment regeneration method. And the sulfur adsorption capacity declined slightly aer the fourth run, indicating the satisfactory reusability of the NiCeY zeolite.
Conclusions
In this work, the NiCeY zeolites was prepared and used to adsorb sulfur compounds in diesel. The experimental results showed that NiCeY zeolites could effectively remove thiophene and benzothiophene, and the adsorption capacity for TP and BT reach 0.70 and 1.32 mmol g À1 , respectively. The equilibrium adsorption on NiCeY zeolites was achieved for 60 min and the adsorption capacity of TP or BT increased with an increase of initial sulfur content and adsorption temperature. The equilibrium isotherms indicate that the adsorption can be described by the Langmuir model better than the Freundlich model. The kinetics analysis show that the adsorption processes can be tted suitably by the pseudo-second order model with higher R 2 . The calculated activation energies for the adsorption of TP and BT on NiCeY zeolites are 1.98 and 13.73 kJ mol À1 , suggesting the adsorption is mass transfer controlled. Besides, the Diffusion study indicates that the adsorption of TP and BT on NiCeY zeolites was controlled by two steps. The analysis of the thermodynamics indicate that the adsorption of TP and BT are spontaneous and exothermic.
